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BACKGROUND OF THE INVENTION 



FIELD OF THE INVENTION 

The present invention relates to an information 
recording-reproducing apparatus and a magnetic 
recording-reproducing head to be mounted thereon, and, 
more specifically, the present invention relates to an 
information recording medium that retains information by 
means of inverted magnetic domains on a magnetic 
recording film formed on a substrate and an information 
reproducing apparatus designed to reproduce information 
by detecting leakage magnetic fluxes from the recording 
medium. 

DESCRIPTION OF TH E BACKGROUND 

in recent years, magnetic disk apparatuses have greatly 
increased in recording density, with the track size for 
recording bits becoming smaller . and smaller. These 
smaller domains require the magnetic reproducing head to 
have a higher sensitivity than past devices. One such 
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reproducing head is reported in «Nikkei Electronics" No. 
774, July 17, 2000, pp. 177-184. The device disclosed 
in this reference employs a tunnel magnetoresistive film 
as a next-generation super-sensitive magnetic sensor. 

This first conventional example is characterized by a 
patterned laminate structure consisting of a lower 
magnetic shield layer, an electtodS^. layer, a soft 
magnetic free layer, a non-magnetic insulating layer, a 
ferromagnetic pinned layer, an anti ferromagnetic layer 
to fix the direction of magnetization of the 
ferromagnetic pinned layer, and an electrode layer. The 
laminate film has, at both ends thereof, a hard magnetic 
layer to stabilize the direction of magnetization of the 
non-magnetic free layer and also has an insulating film 
to insulate the upper and lower magnetic shields. 

In the above-mentioned example, the soft magnetic free 
layer is formed from a CoFe alloy; the non-magnetic 
insulating film is formed from aluminum oxide; and the 
ferromagnetic pinned layer is formed from a CoFe alloy. 
The sensor film has a very low resistance and a very 
high MR ratio (calculated by dividing the maximum 
resistance change due to applied magnetic field by the 
initial resistance) at room temperature. For instance, 
a sensor film having a resistance per area of 33.5 £l\m? 
has an MR ratio of 31.6%. A sensor film having a 
resistance per area of 14.2 Q-Mm' has an MR ratio of 
24.4%. A sensor film having a resistance per area of 
5.6 n-Mm^ has an MR ratio of 12.3%. 

A second known example of sensor film is disclosed in 
Physical Review Letters, Vol. 82, No. 21, pp. 4288-4291. 
This sensor film employs a laminate film consisting of 
CoFe alloy, SrTiOa/ and Lao.7Sro.3Mn03. It gives a high MR 
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ratio (50% maxim\am) with a bias voltage (Vs) of -0.4 V 
at 4.2K. 

[7] A third known example of sensor film is disclosed in 

Physical Review Letters, Vol. 82, No. 3, pp. 616-619. 
This sensor film employs a laminate film consisting of 
Nio.8Feo.2, Ta205, AI2O3, and Nio.eFeo.a. It gives an MR 
ratio of 4% with a bias voltage (^^s) taf -0.2 V at room 
temperature . 

[8] The above-mentioned known examples may be characterized 

by one or more of the following disadvantages. First, 
with respect to a sensor film having a low resistance 
and a high MR ratio at room temperature, such a tunnel 
magnetoresistive sensor in the form of CoFe/Al 
oxide/CoFe laminate film may include an MR ratio which 
steeply decreases (as shown in Fig. 11) when a bias 
voltage is applied across the two CoFe layers. A bias 
voltage (Vh) of approximately 0.4 V may decrease the MR 
ratio by up to half from that without bias voltage. 
When applied to a magnetic read head, this sensor film 
may have a decreased output in proportion to the bias 
voltage, unlike the known giant magnetoresistive 
magnetic read in practical use. Additionally, the 
tunnel magnetoresistive head, unlike the conventional 
giant magnetoresistive magnetic read head, may have a 
decreased signal-to-noise ratio because of its inherent 
shot noise proportional to the bias voltage. 

[9] In order to address one or more of these potential 

problems and to realize a practical tunnel 
magnetoresistive head suitable for magnetic recording- 
reproducing apparatuses with very high recording density, 
it is preferred to reduce the head resistance. Toward 
this end/ it may be preferable to reduce the thickness 
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of the alximinum oxide film used as the non-magnetic 
insulating film. 

[10] The second known example preferably only needs to meet 
less stringent requirements for head resistance than the 
conventional head of the first known example because the 
MR ratio, which is measured at 5K, reaches the maximum 
in the vicinity of the head-operatitig \roltage (Vs = -0.5 
V) . However, a problem may ensure because Lao.7Sro.3Mn03 
is a substance which undergoes phase transition from 
ferromagnetic material to paramagnetic material in the 
neighborhood of room temperature. In other words, its 
MR ratio becomes almost zero at 0-60°C (which is the 
operating temperature of the magnetic recording 
apparatus) . 

[11] In the case of the third known example, the MR ratio 
reaches a maxim\im in the vicinity of the head-operating 
voltage (Vs = -0.2 V) . This MR ratio, however, is 
smaller than that of the giant magnetoresistive head in 
practical use at the present. Therefore, the third 
known example may not be suitable for future magnetic 
recording-reproducing apparatuses with very high 
recording densities. 



SUMMARY OF THE INVENTION 

[12] At least one embodiment of the present invention is 
directed to a magnetic sensor which preferably comprises 
a soft magnetic layer and a ferromagnetic layer, with a 
non-magnetic layer interposed between them such that the 
magnetization of said ferromagnetic layer is fixed with 
respect to the magnetic field to be detected. The 
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invention may also include a magnetoresistive film that 
changes in magnetoresistance accordingly as the 
magnetization of the soft magnetic layer rotates in 
response to the external magnetic field, thereby 
changing the relative angle with the magnetization of 
the ferromagnetic layer. The magnetoresistive film may 
show a change in magnetoresistance upon the application 
of a detecting current across the' soft magnetic layer 
and the ferromagnetic layer through the non-magnetic 
layer, with the ratio of change (in absolute value) in 
magnetoresistance of the magnetoresistive film having a 
maximum value greater than 20% at a temperature in the 
range from O^'C to 60°C and with a bias voltage (Vs) 
applied across the ferromagnetic layer and the soft 
magnetic layer being in the range from +0.2 to +0.8 V 
and from -0.8 to -0.2 V. 

[13] The present invention is also preferably directed to a 
magnetic sensor of tunnel junction laminate structure 
comprising a soft magnetic free layer, a non-magnetic 
insulating layer, and a ferromagnetic pinned layer, 
wherein the ferromagnetic pinned layer has a spin valve 
layer whose magnetization is fixed with respect to the 
magnetic field to be detected. The soft magnetic free 
layer may permit its magnetization to rotate in response 
to the external magnetic field, thereby changing the 
relative angle with the magnetization of the 
ferromagnetic pinned layer and producing the 
magnetoresistive effect, with the absolute value of the 
magnetoresistive effect having a peak at a temperature 
in the range from O^C to 60^C and for a bias voltage Vs 
(applied across the ferromagnetic pinned layer and the 
soft magnetic free layer) in the range from +0.2 to +0.8 
V and from -0.8 to -0.2 V. 
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[14] In the tunnel magnetoresistive magnetic sensor , the 
ferromagnetic pinned layer may be formed from Fe304 or at 
least one oxide or compound of Cr and Mn. Additionally, 
in the tunnel magnetoresistive magnetic sensor, the non- 
magnetic insulating layer may be formed from at least 
one oxide of Sr, Ti, and Ta. Moreover, in the tunnel 
magnetoresistive magnetic sensor, the soft magnetic free 
layer may be a layer of Co/Fe allc^y formed on the non- 
magnetic insulating layer or a laminate layer consisting 
of a layer of Co/Fe alloy and a layer of Ni/Fe alloy 
sequentially formed on the non-magnetic insulating layer . 

[15] Alternatively, in the tunnel magnetoresistive magnetic 
sensor, the soft magnetic free layer may be a layer of 
Co/Fe alloy whose Co content is in the range from 70 
atom% to 100 atom%, and the ferromagnetic pinned layer 
may be a layer of Co/Fe alloy whose Co content is in the 
range from 0% to 70%. Furtheinnore , the non-magnetic 
insulating layer may be formed from at least one oxide 
of Sr, Ti, and Ta. 

[16] In the tunnel magnetoresistive magnetic sensor, a layer 
of Ni/Fe alloy may also be laminated onto that side of 
the soft magnetic free layer of Co/Fe alloy which is 
opposite to the non-magnetic insulating layer. 
Alternatively, a second non-magnetic insulating layer 
and a second ferromagnetic layer may be sequentially 
laminated onto that side of the ferromagnetic pinned 
layer which is opposite to the non-magnetic insulating 
layer. The second ferromagnetic layer may be formed 
from Fe304 or at least one oxide or compound of Co, Cr, 
and Mn. 

[17] Further, in the tunnel magnetoresistive magnetic sensor, 
the non-magnetic insulating layer may be formed from at 
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least one oxide or compound of Sr, Ti, Ta, and Al , The 
soft magnetic free layer may be a layer of Co/Fe alloy 
formed on the non-magnetic insulating layer or a 
laminate layer consisting of a layer of Co/Fe alloy and 
a layer of Ni/Fe alloy sequentially formed on the non- 
magnetic insulating layer. 

[18] Additionally, the tunnel magnetore'Siistive magnetic 
sensor of the present invention preferably provides 
electrodes electrically connected respectively to the 
soft magnetic free layer, the ferromagnetic pinned layer, 
and the second ferromagnetic layer, so that current 
flows from the second ferromagnetic layer to the 
ferromagnetic pinned layer. 

[19] The present invention is also directed to a magnetic 
head which comprises any of the above magnetic sensors 
with a magnetic shield on its upper and lower parts and 
a metal layer placed between the magnetic sensor and the 
magnetic shield so as to electrically connect the 
magnetic sensor and the magnetic shield together. 

[20] The present invention is also directed to a recording- 
reproducing magnetic head which comprises the above 
magnetic head and an induction- type thin film magnetic 
head formed thereon. The induction- type thin film 
magnetic head preferably comprises: a lower magnetic 
core, an upper magnetic core, and a non-magnetic layer 
interposed between the lower and upper cores. The upper 
magnetic core may be connected at its forward end to the 
lower magnetic core with a magnetic gap interposed 
between them. The upper magnetic core may also be 
connected at its rear end directly to the lower magnetic 
core through a back-contact formed from a magnetic 
material . 
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[21] The present invention is also directed to a magnetic 
recording-reproducing apparatus which preferably 
comprises a magnetic recording medium and said magnetic 
sensor or magnetic head, the former retaining 
information by means of inverted magnetic domains formed 
on the surface thereof. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[22] For the present invention to be clearly understood and 
readily practiced, the present invention will be 
described in conjunction with the following figures, 
wherein like reference characters designate the same or 
similar elements, which figures are incorporated into 
and constitute a part of the specification, wherein: 

[23] Fig. 1 is a perspective view (lA) and a sectional 

view (IB) showing a tunnel effect- type magnetic read 
head according to an embodiment of the present 
invention; 

[24] Fig. 2 shows a diagram of the dependence on bias 

voltage of the MR ratio of a tunnel effect-type magnetic 
read head according to an embodiment of the present 
invention (2A) and a diagram defining the direction of 
application of bias voltage (2B); 

[25] Fig. 3 is a diagram showing the dependence on 

bias voltage of the MR ratio of the tunnel effect-type 

magnetic read head according to an embodiment of the 
present invention; 

[26] Fig, 4 is a perspective view (4A) and a sectional 

view (4B) showing a tunnel effect-type magnetic read 
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head according to an embodiment of the present 
invention; 

[27] Fig. 5 is a perspective view (5A) and a sectional 

view (5B) showing the tunnel effect-type magnetic read 
head according to an embodiment of the present 
invention; 

[28] Fig. 6 is a diagram showing the dependence on 

bias voltage of the MR ratio of the tunnel effect-type 
magnetic read head according to an embodiment of the 
present invention; 

[29] Fig. 7 is a sectional view showing a magnetic 

recording-reproducing head which consists of the tunnel 
effect-type magnetic read head of the present invention 
and an induction-type magnetic recording head; 

[30] Fig. 8 is a sectional view showing a magnetic 

recording-reproducing head which consists of the tunnel 
effect-type magnetic read head of the present invention 
and a single-magnetic pole magnetic recording head; 

[31] Fig. 9 is a diagram showing a magnetic recording- 

reproducing apparatus which is equipped with any of the 
magnetic read heads according to the present invention 
and the magnetic recording-reproducing head shown in Fig. 
7 or Fig. 8; 

[32] Fig. 10 is a diagram showing the relation between 

the bias voltage and the signal-to-noise ratio of a 
tunnel magnetoresistive read head according to the 
present invention; and 
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[33] 



Fig. 11 is a diagram showing the dependence on 
bias voltage of the MR ratio of the conventional tunnel 
effect-type magnetic read head. 



DETAILED DESCRIPTION OF THE INVENTION 

[34] It is to be understood that the figures' and descriptions 
of the present invention have been simplified to 
illustrate elements that are relevant for a clear 
understanding of the present invention, while 
eliminating, for purposes of clarity, other elements 
that may be well known. Those of ordinary skill in the 
art will recognize that other elements are desirable 
and/or required in order to implement the present 
invention. However, because such elements are well 
known in the art, and because they do not facilitate a 
better understanding of the present invention, a 
discussion of such elements is not provided herein. The 
detailed description will be provided hereinbelow with 
reference to the attached drawings. 

[35] Fig. 1 shows a tunnel effect-type magnetic sensor and a 
magnetic read head provided therewith in one exemplary 
embodiment of the present invention. Fig. lA is a 
perspective view showing the tunnel effect-type magnetic 
sensor and a magnetic read head provided therewith. Fig. 
IB is a sectional view showing the tunnel effect-type 
magnetic sensor and a magnetic read head provided 
therewith. 

[36] There is shown a substrate 101. On the substrate 101 
are preferably sequentially formed: a lower magnetic 
shield 102; a metal layer 103 of Cu, Ta, or Ru; an 
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anti ferromagnetic layer 104; a ferromagnetic pinned 
layer 105; a non-magnetic insulating layer 106; and a 
soft magnetic free layer 107 with its top being 
connected to an upper magnetic shield 110 through a 
metal layer 108 of Cu, Ta, or Ru. The magnetic sensor, 
which comprises the soft magnetic free layer 107, the 
non-magnetic insulating layer 10 6, and the ferromagnetic 
pinned layer 105, has a front side Which is connected to 
a flux guide 109 of soft magnetic material so that the 
leakage flux from the magnetic recording medium (not 
shown) is efficiently introduced into the magnetic 
sensor 112. 

[37] In addition, the tunnel effect-type magnetic head is 
constructed such that the laminate film consisting of 
layers 103 through 108 is surrounded by an insulating 
layer 111 for electrical insulation because current has 
to flow from the lower magnetic shield 102 to the upper 
magnetic shield 110 only through the magnetic sensor 112. 
The lower magnetic shield 102 and the upper magnetic 
shield 110 are connected respectively to electrodes 114 
and 113 for voltage application. 

[38] The ferromagnetic pinned layer 105 and the soft magnetic 
free layer 107 are magnetized (in the absence of a 
magnetic field from the magnetic recording medium) such 
that their directions of magnetization (within their 
plane) mutually cross at approximately right angles. 
When a magnetic field (H) is applied from the magnetic 
recording meditim to the soft magnetic free layer 107 
through the flux guide 109, the direction of 
magnetization within the plane of the soft magnetic free 
layer 107 rotates and the tunnel magnetic resistance 
between the soft magnetic free layer 107 and the 



-11- 



ferromagnetic pinned layer 105 changes in proportion to 
the angle of rotation. 



[39] A detailed description will now be made of exemplary 
material and dimensions of each layer. The 
antiferromagnetic layer 104 is composed of ZnO (10 nm 
thick) for orientation control, NiO (20 nm thick), and 
a-F203 (2 nm thick), which are sequentially laminated. 
The ferromagnetic pinned layer 105 is formed from Fe304 
(10 nm thick) which is a half-metal magnetic material 
having a Curie temperature much higher than room 
teir?>erature . The non-magnetic insulating layer 100 is 
formed from SrTiOa (1 nm thick) . 

[40] The magnetic free layer 107 is a laminate composed of 
layers of CoFe (1 nm thick) and NiFe (3 nm thick) . The 
CoFe alloy is not specifically restricted in 
composition; in this embodiment it is composed of Co (90 
atom%) and Fe (10 atom%) for appropriate soft magnetic 
properties. Likewise, the NiFe alloy is not 

specifically restricted in composition; in this 
embodiment it is composed of Ni (81 atom%) and Fe (19 
atom%) . This composition is called permalloy 

composition . 

[41] The metal layers 103 and 108 are preferably 3 nm thick 
and 10 nm thick, respectively, so that the soft magnetic 
free layer 107 is positioned at the approximate mid- 
point between the lower magnetic shield 102 and the 
upper magnetic shield 110. Thus, the distance between 
the lower magnetic shield 102 and the upper magnetic 
shield 110 is approximately 60 nm, which provides a 
linear resolution sufficient for a magnetic recording 
apparatus for very high recording density (0.155 GB/mm^ 
or 100 GB/inch^) . 
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[42] The element comprised of the layers between the lower 
electrode 103 to the upper electrode 108 measures 
approximately 0.3 by 0.3 ijm. The forward end of the 
flux guide 109 measures approximately 0.15 pm wide, 10 
nm thick, and 50 nm long. Since the width of the 
forward end of the flux guide 109 determines the 
resolution (in the track direction) of the magnetic 
recording apparatus, the above-mentioned size is small 
enough for a magnetic recording apparatus for very high 
recording density (0.155 GB/mm^ or 100 GB/inch^) . 

[43] Fig. 2A shows how the MR ratio of the tunnel effect-type 
magnetoresi stive head constructed as shown in Fig. 1 
depends on - the bias voltage (Vs) at room temperature 
(25®C) . The MR ratio is a ratio of the change in 
magnetic resistance which is defined as the maximum 
change in resistance due to an applied magnetic field 
divided by the initial resistance. Fig. 2B defines the 
direction in which the bias voltage is applied. In the 
present invention, the bias voltage is defined with 
reference to the ferromagnetic pinned layer where Vs = 0 
V. 

[44] It can be noted from Fig. 2A that the MR ratio reaches a 
maximum when Vs is -0.5 V and decreases rapidly as Vs 
approaches 0 V. The maximum value of the MR ratio is 
approximately 80%, and this value is greater than the 
maximum value ever conventionally observed. The 
dependence of MR ratio on bias voltage hardly varies in 
the temperature range from 0®C to 60**C at which the 
magnetic recording apparatus is used. When the applied 
magnetic field is zero, the electric resistance between 
the electrodes 113 and 114 is approximately 150 SI, which 
is adequate for the magnetic read head. 
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[45] Other materials which can be used for the ferromagnetic 
pinned layer include CrOa and CuMnAl2. In the case where 
Cr02 is used^ the above-mentioned orientation- 
controlling film is preferably made of TiOa and the 
antif erromagnetic film is preferably made of NiO. In 
the case where C\aMnAl2 is used, the orientation- 
controlling film is not necessary. In this case, the 
lower electrode layer 103 is preferably formed from Ta 
and the antif erromagnetic film is formed from PtMn alloy. 
Other materials for the non-magnetic insulating layer 
106 include TazOs and MgO. 

[46] An second exemplary embodiment of the present invention 
describes a case in which both the soft magnetic free 
layer 107 and the ferromagnetic pinned layer 105 are 
based on a CoFe alloy. In this case, the lower 
electrode layer 103 is preferably a 12-nm thick Ta film, 
and the antif erromagnetic layer 104 is a 12-nm thick 
PtMn film. The ferromagnetic pinned layer 105 is a 3-nm 
thick CoFe film (containing 50 atom% of Co) . The non- 
magnetic insulating layer 106 is a 1-nm thick SrTiOa 
film, 

[47] In this embodiment, the soft magnetic free layer 107 is 
preferably a laminate composed of a 1-nm thick CoFe film 
and a 3-nm thick NiFe film. The CoFe alloy is comprised 
of 90 atom% of Co and 10 atom% of Fe. The NiFe alloy is 
not specifically restricted in composition; in this 
embodiment it is composed of 81 atom% of Ni and 19 atom% 
of Fe. This composition is called the permalloy 
composition. The metal layer is made of Ru, and it is 
approximately 28 nm thick so that the soft magnetic free 
layer 107 is positioned at a mid-point between the lower 
magnetic shield 102 and the upper magnetic shield 110. 
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The element comprised of the layers between the lower 
electrode 103 to the upper electrode 108 measures 
approximately 0,3 by 0.3 \xm, as in the first embodiment. 

[48] Fig. 3A shows the dependence of the MR ratio of the 
tunnel effect-type magnetoresistive head in this 
embodiment on the bias voltage Vs at room temperature 
{Zb^'O . It can be noted from Fig. y3A ~that the MR ratio 
reaches a maximum when Vs is -0.5 V and decreases 
steeply as Vs approaches 0 V. The maximum value of the 
MR ratio is approximately 30%. The dependence of the MR 
ratio on the bias voltage does not substantially vary in 
the temperature range from 0**C to 60®C at which the 
magnetic recording apparatus is used. PWien the magnetic 
field applied is zero, the electric resistance between 
the electrodes 113 and 114 is approximately 100 which 
is adequate for the magnetic read head. 

[49] In the embodiment mentioned above, the CoFe alloy for 
the soft magnetic free layer 107 contains 90 atom% of Co, 
and the CoFe alloy for the ferromagnetic pinned layer 
105 contains 50 atom% of Co. However, it may be 
desirable that the CoFe alloy for the soft magnetic free 
layer 107 contain 70-100 atom% of Co and the CoFe alloy 
for the ferromagnetic pinned layer 105 to contain 0-70 
atom% of Co . 

[50] Fig. 3B shows the dependence of the MR ratio of the 
tunnel effect-type magnetoresistive head on the bias 
voltage Vs at room temperature (25^C) in the case where 
the soft magnetic free layer 107 is made of a CoFe alloy 
containing 90 atom% of Co and the ferromagnetic pinned 
layer 105 is made of a CoFe alloy containing 30 atom% of 
Co. It can be noted from Fig. 3B that the MR ratio 
reaches a maximum when Vs is -0.3 V and decreases 



-15- 



steeply as Vs approaches 0 V. The maximum value of the 
MR ratio is approximately 4 5%. The dependence of the MR 
ratio on the bias voltage does not substantially vary in 
the temperature range from 0°C to 60*^C at which the 
magnetic recording apparatus is used. When the applied 
magnetic field is zero, the electric resistance between 
the electrodes 113 and 114 is approximately 70 which 
is adequate for the magnetic read head. 

[51] Other materials for the non-magnetic insulating layer 
106 may include Ta205 and MgO as in the first embodiment. 

[52] Fig. 4 shows a third exemplary embodiment of the present 
invention in which the tunnel effect-type 
magnetoresistive head shown in Fig. 1 is modified such 
that the element comprised of the layers between the 
lower electrode 103 and the upper electrode 108 is 
exposed toward that side of the head which faces the 
recording medium. In this case, the materials and 
dimensions of each layer are preferably identical with 
those in the first exemplary embodiment. However, the 
output of the magnetic read head increases because the 
magnetic flux does not attenuate in the flux guide. 

[S3] Fig. 5 shows a fourth exemplary embodiment of the 
present invention demonstrating the tunnel effect-type 
magnetic sensor according to the present invention and 
the magnetic read head provided therewith. Fig. 5A is a 
perspective view showing the tunnel effect-type magnetic 
sensor and the magnetic read head provided therewith. 
Fig. SB is a sectional view showing the tunnel effect- 
type magnetic sensor and the magnetic read head provided 
therewith. 
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[54] There is shown a substrate 101. On the substrate 101 
are preferably sequentially formed: a lower magnetic 
shield 102; a metal layer 103 of Cu, Ta, or Ru; a 
ferromagnetic layer 501; a non-magnetic insulating layer 
502; a soft magnetic free layer 503; a non-magnetic 
insulating layer 504; a ferromagnetic pinned layer 505; 
and an anti ferromagnetic layer 506. The upper portion 
is connected to an upper magnetic shield 110, with a 
metal layer 108 of Cu, Ta, or Ru interposed between them. 
The magnetic sensor, which consists of the soft magnetic 
free layer 503, the non-magnetic insulating layer 504, 
and the ferromagnetic pinned layer 505, has a front side 
which is connected to a flux guide 109 of soft magnetic 
material so that the leakage flux from the magnetic 
recording medium (not shown) is efficiently introduced 
into the magnetic sensor 112. 

[55] Additionally, the tunnel effect- type magnetic head is 
preferably constructed such that the laminate film 
comprising layers 103 through 108 is surrounded by an 
insulating layer 111 for electrical insulation because 
current has to flow from the lower magnetic shield 102 
to the upper magnetic shield 110 only through the 
magnetic sensor 112. The lower magnetic shield 102, the 
upper magnetic shield 110, and the soft magnetic free 
layer 503 are connected respectively to electrodes 114, 
113, and 507 for voltage application. 

[56] The ferromagnetic pinned layer 105 and the soft magnetic 
free layer 107 are magnetized (in the absence of a 
magnetic field from the magnetic recording medi\am) such 
that their directions of magnetization (within their 
plane) mutually cross at approximately right angles. 
When a magnetic field (H) is applied from the magnetic 
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recording medium to the soft magnetic free layer 107 
through the flux guide 109, the direction of 
magnetization within the plane of the soft magnetic free 
layer 107 rotates, and the tunnel magnetic resistance 
between the soft magnetic free layer 503 and the 
ferromagnetic pinned layer 105 changes in proportion to 
the angle of rotation. 

[57] A detailed description will now be made of exemplary 
materials and dimensions for each layer. The 
antiferromagnetic layer 506 is composed of PtMn (12 nm 
thick) . The ferromagnetic pinned layer 505 is formed 
from CoFe alloy (3 nm thick) . The CoFe alloy is not 
specifically restricted in composition; it contains 90 
atom% of Co. The non-magnetic insulating layer 504 is 
formed from SrTiOa (1 nm thick) . 

[58] The soft magnetic free layer 503 is preferably a 
laminate comprised of layers of NiFe (3 nm thick) and 
CoFe (1 nm thick) . The CoFe alloy is not specifically 
restricted in composition; in this embodiment, it is 
composed of Co (90 atom%) and Fe (10 atom%) for 
appropriate soft magnetic properties. Likewise, the 
NiFe alloy is not specifically restricted in 
composition; in this embodiment it is composed of Ni (81 
atom%) and Fe (19 atom%) . This composition is called 
permalloy composition . 

[59] The non-magnetic insulating layer 502 is formed from Al 
oxide (approximately 2 nm thick) . The ferromagnetic 
layer 501, which is formed on the electrode metal layer 
103, is composed of a 2-nm thick film of a-FeaOa and a 
10-nm thick film of FeaOfl which is a half-metal magnetic 
material having a Curie temperature much higher than 
room temperature. The metal layers 103 and 108 are 14 
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nm thick and 12 nm thicks respectively, so that the soft 
magnetic free layer 503 is positioned at an 
approximately mid-point between the lower magnetic 
shield 102 and the upper magnetic shield 110. Thus the 
distance between the lower magnetic shield 102 and the 
upper magnetic shield 110 is approximately 60 nm, which 
provides a linear resolution sufficient for a magnetic 
recording apparatus for very hi^h recording density 
(0.155 GB/mm^ or 100 GB/inch^) . 

[60] The element composed of the layers between the lower 
electrode 103 and the upper electrode 108 measures 0.3 
by 0.3 Jim. The forward end of the flux guide 109 
measures 0.15 jrni wide, 10 nm thick, and 50 nm long. 
Since the width of the forward end of the flux guide 109 
determines the resolution (in the track direction) of 
the magnetic recording apparatus, the above-mentioned 
size is small enough for a magnetic recording apparatus 
for very high recording density (0.155 GB/rom^ or 100 
GB/inch^) . 

[61] The operation of the device will now be detailed. In 
this embodiment, the current to detect the tunnel 
magnetoresistive effect is produced by the bias voltage 
Vs applied across the electrodes 507 and 113, with the 
electrode 507 being the reference. The electrode 114 is 
negatively biased with reference to the electrode 507, 
so that downwardly spin polarized tunnel electrons are 
injected into the soft magnetic free layer 503 from the 
half-metal ferromagnetic layer 501. Thus the density of 
the downward spin electrons increases in CoFe 
constituting the soft magnetic free layer 503, thereby 
enhancing the magnetoresistive effect. 
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[62] Fig. 6 shows the dependence of the MR ratio of the 
tunnel effect-type magnetoresistive head (constructed as 
shown in Fig. 5) on the bias voltage Vs at room 
temperature (25^C) • It can be noted from Fig. 6 that 
the MR ratio reaches a maximum when Vs is +0.5 V and 
decreases steeply as Vs approaches 0 V. The maximum 
value of the MR ratio is approximately 60%. This value 
is greater than that in the second' exemplary embodiment 
in which the CoFe alloy is used for both the soft 
magnetic free layer and the ferromagnetic pinned layer. 
The dependence of MR ratio on bias voltage does not 
substantially vary in the temperature range from 0°C to 
60°C at which the magnetic recording apparatus is used. 
When the magnetic field applied is zero, the electric 
resistance between the electrodes 507 and 113 is 
approximately 70 which is adequate for the magnetic 

read head. 

[63] Other materials to be used for the ferromagnetic layer 
501 may include CrOz and CuMnAl2 as in the first 
exemplary embodiment. In the case where CrOz is used/ 
the above-mentioned orientation-controlling film may be 
made of Ti02, and the antif erromagnetic film is made of 
NiO. In the case where CijMnAla is used, the 

orientation-controlling film is not necessary, and the 
lower electrode layer 103 is preferably formed from Ta 
and CuMnAl2 immediately thereon. Other materials for the 
non-magnetic insulating layer 504 may include Ta205 and 
MgO. Other materials for the non-magnetic insulating 
layer 502 may include SrTiOa, Ta205 and MgO. 

[64] The device depicted according to this embodiment has a 
flux guide 109; however, this structure may be modified 
such that the element composed of layers between the 
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metal layer 103 to the metal layer 108 is exposed toward 
that side of the magnetic sensor which faces the 
recording medium. 

[65] Fig. 7 shows an example of a magnetic recording- 
reproducing head which is made up of the tunnel 
magnetoresistive magnetic read head (described in any of 
the above embodiments) and an induction- type magnetic 
recording head formed thereon. The device shown in Fig. 
7 is an excoaple in which the tunnel magnetoresistive 
magnetic read head shown in Fig. 1) is used. Similar 
magnetic recording-reproducing heads may be constructed 
simply by replacing the tunnel magnetoresistive magnetic 
read head from other embodiments. 

[66] In Fig. 1, there is shown a substrate 101. On the 
substrate 101 is formed the tunnel magnetoresistive 
magnetic read head shown in Fig. 1. On this read head 
are preferably sequentially formed a non-magnetic 
insulating layer 706, a lower magnetic core 704, and an 
upper magnetic core 701 which communicates with the 
lower magnetic core through a back contact 702. Around 
the baclc contact is formed a coil 703 which induces a 
magnetic flux in the magnetic core. The above-mentioned 
magnetic recording-reproducing head is installed in the 
proximity of the magnetic recording medium 7 05 to be 
magnetized in the direction of plane, for information 
recording and reproduction. 

[67] Fig. 8 shows an example of a magnetic recording- 
reproducing head which is made up of the tunnel 
magnetoresistive magnetic read head described in any of 
the above embodiments and a vertical magnetic recording 
head of single-magnetic pole type formed thereon. The 
device shown in Fig. 8 is a particular example in which 
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the tunnel magnetoresistive magnetic read head shown in 
Fig. 1 is used. Similar magnetic recording- reproducing 
heads may be constructed simply by replacing the tunnel 
magnetoresistive magnetic read head from other 
embodiments . 

[68] In Fig. 8, there is shown a substrate 101. On the 
substrate 101 is formed the tunnel' . magnetoresistive 
magnetic read head shown in Fig, 1, On this read head 
are preferably sequentially formed a non-magnetic 
insulating layer 807, a lower magnetic core 804, and an 
upper magnetic core 801 of single magnetic pole type 
which communicates with the lower magnetic core through 
a back contact 802. Around the back contact is formed a 
coil 903 which induces a magnetic flux in the magnetic 
core. The above-mentioned magnetic recording- 

reproducing head is installed in the proximity of the 
vertical magnetic recording medium for information 
recording and reproduction. This magnetic recording 
medium comprises a vertical magnetic recording layer 805 
(to be magnetized in the vertical direction with respect 
to the plane of the recording medium) and a soft 
magnetic backing layer 806. 

[69] Fig. 9 shows a magnetic recording-reproducing apparatus 
on which are mounted a slider 901 and a recording disc 
902. The slider 901 is preferably provided with any one 
of the magnetic read heads described above and a 
magnetic recording head. The recording disc 902 is 
mounted on an axis 904 connected to a spindle motor (not 
shown) fixed to the base 903. The recording disc 902 is 
turned by the spindle, so that it moves relative to the 
slider 901. The slider 901 is fixed to the suspension 
905, which in turn is attached to the arm 906. The arm 



-22- 



906 is turned around the axis 904 by the moving 
mechanism 907, so that the slider 901 is moved for 
tracking in the radial direction of the recording disc 
902. The interface 908 attached to the base 903 has the 
connector 909, to which is connected a cable for power 
supply (to drive the apparatus) and information input 
and output (including commands to the apparatus and 
information to be recorded and information which has 
been read) . 

[70] An exemplary version of the above-mentioned magnetic 
recording-reproducing apparatus provided with the tunnel 
magnetoresi stive magnetic head having improved 
dependence on bias voltage was examined for output. The 
measured output was compared with that of the 
conventional tunnel magnetoresistive magnetic head. The 
results are shown in Fig. 10. 

[71] The curve (b) in Fig. 10 shows the dependence of the 
signal-to-noise ratio on the bias voltage in the case of 
the tunnel magnetoresistive magnetic head provided with 
the conventional tunnel magnetoresistive sensor which 
has the dependence of MR ratio on the bias voltage as 
shown in Fig. 11. It is noted that the S/N ratio 
reaches a maximum (approximately 25 dB) at Vs = -0.3 V 
and steeply decreases as the absolute value of Vs 
increases. The curve (a) in Fig. 10 shows the 

dependence of the signal-to-noise ratio on the bias 
voltage in the case of the tunnel magnetoresistive 
magnetic head provided with the conventional tunnel 
magnetoresistive sensor which has the dependence of MR 
ratio on the bias voltage as shown in Fig. 3A which is 
identical with that shown in Fig. 11 in which the 
maximum value of MR ratio is 30%. It is noted that the 



-23- 



S/N ratio increases as the absolute value of Vs 
increases and reaches a maximum (34 dB) at Vs = -0.8 V. 

[72] The S/N ratio at Vs = -0.5 V (which is an operating 
voltage for a typical magnetic read head) is 9 dB 
greater in curve (a) than the S/N ratio shown by the 
curve (b) in Fig. 10. This occurs because the 

dependence of MR ratio on the bias voltage is at a 
maximum at Vs = -0.5 V^ which is suitable to drive the 
magnetic read head. In the cases shown in Figs. 2B, 3B, 
and 6, in which the maximum value of MR ratio is larger 
than that in Fig. the S/N ratio increases to a 

greater extent. As mentioned above ^ the tunnel 

magnetoresi stive sensor of the present invention, which 
is improved in the dependence of MR ratio on the bias 
voltage, can be used to provide a tunnel 
magnetoresistive head having an extremely high 
sensitivity which is suitable for the magnetic recording 
apparatus for extremely high recording density (e.g., 
higher than 0.155 GB/mm^ or 100 GB/inch^) , 

[73] Nothing in the above description is meant to limit the 
present invention to any specific materials, geometry, 
or orientation of elements. Many part/orientation 

substitutions are contemplated within the scope of the 
present invention and will be apparent to those skilled 
in the art. The embodiments described herein were 
presented by way of example only and should not be used 
to limit the scope of the invention. 

[74] Although the invention has been described in terms of 
particular embodiments in an application, one of 
ordinary skill in the art, in light of the teachings 
herein, can generate additional embodiments and 
modifications without departing from the spirit of, or 
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exceeding the scope of, the claimed invention. 
Accordingly, it is understood that the drawings and the 
descriptions herein are proffered by way of example only 
to facilitate comprehension of the invention and should 
not be construed to limit the scope thereof. 
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